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Ballast tube overview: 

- A positive temperature coefficient resistor made with a filament housed inside a gas filled envelope for heat 
transfer 

- Abrupt resistance to temperature profile resulting in good constant current limiting characteristic 


Motivation: 
- Limited lifetime, specific part numbers becoming difficult to find 
- Most solid-state replacements are DC electronic constant current load with front end bridge rectifier 
- Advantages: simple 
- Disadvantages: does not draw sinusoidal current from filament power, causing current harmonics on filament 
circuit 
- This exercise is to built a closer electrical ballast tube equivalent 
- Resistive behavior, current proportional to voltage, unity power factor 
- Bidirectional, operates on both polarities 
- Similar cross-sectional dimension compared to original glass envelope, acceptable thermal performance 
- Higher density component packaging to compensate increase in component count 


Example devices: 


Part number | Current Min Where used 
(A) voltage 
(V) 
3TF7 0.3 7 5 T6-1/2 bulb 9 pin miniature 2-1/2”h 7/8”dia_ R390A receiver 
1HT4 0.1 4 5 T5-1/2 bulb 7 pin miniature 2-1/2”h %”dia AN/FRR-23 receiver 
WL8P 0.78-0.92 5.5 10.6 Octal, 95mm h, 33mm dia 222-1 receiver 


Amperite parts catalogue, 1960 


Standard Types of Amperite Ballast Tubes __ List $3.00 
Amperite NE7OV Neon Lamp __ List $3.00 


D6-1E 1H20 *3T4 4A10 6-3 7-4 9-4A 12-4 

*D6T4 1H22 *ST4A 4-12 6-4 *--TTFA 9-7 12-7 

**DOTK7 |**2TK7 | **3TF4A 4H3 6-4A 7A10 9-8 12A10 

**D6TF10| 2A10 | °*3TF4 4n4 6-4B 7-11 9A10 12-11 

**D6TF30| 2A12 **STFV4 smic *oT4 **7HTF2 | 10T1 13-4 AY 

D7-20 2A20 3v4 **4HTF4 | *6T4F | **7HTF3 | **10TF2 15-2 * 

DTH4 *2HT2 3-7 **4HTF7 |**6TF4 |**7HTF4| 10-3 15-4 fous A 
“pD7HT4 | 2H4 **3TF7 4H110 6-7 7H4 10-4A 16-4 ‘ 7 
*D7HT11| *2HT4 3A10 4H11 | **6TF7 THIB 10-4B 17-3 ba | 

1A10 (|**2HTFS | 3-11 5E1 6-8B 7H7 10-4C 20-3 

**1TF10 2H10 ‘| SH11 |**sTF2 6A10 7H11 10-4D 20-4 

1-15 3-2 *3T11 5-4 6-11 **STRr2 10-4E 22-4 é 
*“1HT2 | *°3TF2 STFIL |**5TF4 6-12 §-3B 10A10 24-3 12 
‘1HT4 =| °*3TK2 | **3TF12 5A10 6-13 8-4 10A12 34-2 8 

1H10 3-4 3-14 5-11 6A15 8A10 10-25 35-4 
**1HTF10| 3H-1-7 3x16 5-16 6-36 *9TR2 11-3 40-6E 
‘HT 3H4 3A20 5H3 6H 9-3 11-4 41-7E 
**1HTF11| **3HTF4 | 3H-25 SH4 **6HTF4 | 9-4 11A10 55-1 

3-38A 5H10 6H6 11-11 55-4 
3-50A 5SH11 SIZE SUB.MIN.L 1555 

*T denotes T5'/o bulb-7 pin miniature, e.g., 3T4. AMPERIT N LA 

**TF denotes T6/> bulb-9 pin miniature, e.g., STFA. M BONES aud Max waTTs = 2 *3 


Base Wiring: Octal, 7 and 9 pin miniature—prongs 2-7. TYPE NE7OV .. List $3.00 wTPERTUBE 263 Toms 


Example ballast tube Current — Voltage curve, Amperite 1960 datasheet 


t 


; 
| 


| 
- 
1 
" 
j 


TJ311M01 


1HT4 used on AN/FRR-23 WL8P used on 222-1 3TF7 used on R390A 
www photo 


IAMPERITE © | 


Solid state ballast tube replacement, www examples 


C1 = 2200 uF, 35 WV TRI TR2 
Of = 1N5964B or ey. 

Fi =400 mA, quick blow 
Ri =4.17 ofms, see text 
R2 = 0.5 0hm 


2,3 R? 
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Ct = tuP ceramic 
Dt = 1N5364 or eq. 
Fi = 400 mA, fast 
IC1 = LM7905CT 
R1 = 13.5 ohms 

R2 =0,50hm 


Simple, reliable 


Alternatives: 
- 1. Synchronous rectifier driven unipolar electronic load 
- Convert AC into full wave rectified DC with min voltage drop, feeding electronic load circuit 
- Rectifier power train has high component count 
- Single power device electronic load 
- Handles DC only, simple control 


- 2. Bipolar electronic load without need of frontend rectification 
- Electronic load circuit operates directly on incoming AC, eliminates front end rectifier and voltage drop 
- Two back-to-back MOSFETs as bidirectional electronic load power device 
- Higher component count required for AC signal processing 
- Two auxiliary power rails or more needed (+ve.../-ve) 


- Both approaches 1,2 require electronically controlled potentiometer circuit 
- LED coupled with CdS photocell or 
- Utilizing semiconductor controlled resistive region 
- Off the shelf potentiometer IC ? 


- Simulation (LTSpice) to verify feasibility 


Block diagram, Option 1 and 2 
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Option 1 Option 2 


Design option 1, 


SR driven electronic load, 


this is close approximation of application circuit 
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Design option 1, SR driven electronic load, simulation result 
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Design option 2, Bipolar electronic load, some function blocks not fully expanded 


Design option 2, bipolar electronic load, simulation result 
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Outer feedback loop error signal 
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Comparison: 


Checklist 


Rectifier MOSFETs 

Schottky Power Rectifiers 

eLoad MOSFETs 

Op Amps 

Voltage controlled potentiometer 
Aux power rails 

LDOs 

Practical design SO-8 packages 
Practical design TO-220 packages 
Current distortion 

Complexity power section 
Complexity control section 
Complexity auxiliary power 


Select for build 


1, Synchronous Rectifier + unipolar electronic load 
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Cross-over distortion exists 
High 
Low 
Low 


Selected 


2, bipolar electronic load 


Lower distortion 
Low 
High 
High 


Option 1 practical circuit implementation 


Auxiliary power 


Current control resistor as part of voltage- 
controlled potentiometer for adjusting inner 
tracking loop reference voltage amplitude 


22K 
R22 


Inner Current 
Tracking loop 
Emulating resistor 


Uta 
OPA2314AD 
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- SMD assembly on a 50x20mm (~2”x 7/8”) 1.6mm 20z PCB 

- 4SR MOSFETs in 2 SO-8 packages 

- Schottky rectifiers in 4 sub SMA packages 

- 2Op-Amps in 1 SO-8 package 

- LDOin 1SO-8 package Reference signal 

- MOSFET in TO-220 to be externally mounted on metal heatsink 

- Current controlled resistor is a custom-made LED/CdS assembly Outer average current loop 
Bandwidth < 25Hz, varying inner 
loop resistance to regulate current 


PCB layout, top side, synchronous rectifier, reference, control loops and eLload MOSFET 
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PCB layout, bottom side, synchronous rectifier signal components, aux power, current sense and misc control loop 
components 


20mm 


Current controlled resistor for changing inner current tracking loop (D15/R19 on schematic) AC reference signal 
- LED illuminating a CdS photocell packaged in a light tight housing 
- To fit the present PCB dimension, 3mm LED and 5mm CdS photocell are selected, housing measures 10x10x10mm 


CdS Photocell resistance vs LED current, 23-Apr-2021, Virgil Cheng Voltage divider and useful 


CdS device Unknown manufacturer 5mm hermatic package 
LED Different types component parameter based on 
Package Aluminium block, light tight enclosure during test Z 3TF7 and 1HT4 specification 
Rs 1000 LED current Iwatsu. VOAC7602 L Part number 3TF7 1HT4 
Rp 22000 Resistance HP 3486A Current 0.3 O1A 
Rd 270 Min Vin 7 4 VACRMS 
Ratio bas used on LTSpice modelling Power 5 5 W 
ratio/curr used on LTSpice modelling 
min volt power disp 2.4 0.4 W 
max Pd voltage 16.66667 50 VACRMS 
const | ref voltage 0.6 0.6 VDC 
min Volt pk 9.898 5.656 VDC 


min Volt avg 4.50359 4.50359 VDC 


W 


max Volt pk 23.56667 70.7 VDC 
max Volt avg 15.01197 45.0359 VDC 


W 


Sa With 0.6V represent spec 
UUT was covered with a light-tight enclosure during test current, 3TF7 requires voltage 
divider ratio between 0.04 and 
0.13 


Complete CdS photocell - LED assembly with light shield at LED end 


Current controlled resistor measurement result resultant linearized voltage divider characteristic 


CdS Resistance vs LED current Voltage Divide Ratio vs LED current 
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= es Operating LED current between 0 to ~700uUA 

- There is dramatic efficacy difference between superbright LED and standard LED, superbright LED achieves minimum 
resistance with just 1mA driving current. 

- Clear superbright LED to be used in prototype 

- LTSpice simulation model used approximated linear parameter generated from measurement result, loop stability 
confirmed 


Small signal AC response — Current -> Resistance AC transfer characteristic 


CdS Photocell voltage divider dynamic response, 28-Apr-2021, Virgil Cheng 


CdS device Unknown manufacturer 5mm hermatic package 
LED Different types 
Package Aluminium block, light tight enclosure during test 
Rs 1000 Signal source HP 33120A 
Rp 22000 Phase/Gain Rigol DS1102E 
Rd 270 
Vac 1 Vp-p 
Voffset 1.6V DC 
Freq Vin Vout Phase Gain Gain 
Hz Vp-p Vp-p Lag® dB 1Hz baseline 
1 1.04 0.146 -5 = -17.054 0.000 
2 1.04 0.146 -2.  -17.054 0.000 
3 1.04 0.142 QO -17.295 -0.241 
4 1.06 0.14 1 = -17.584 -0.530 
5 1.06 0.138 2 = -17.709 -0.655 
6 1.06 0.134 3. -17.964 -0.910 
7 1.08 0.134 4 -18.126 -1.073 
8 1.06 0.13 6 -18.227 -1.174 
9 1.06 0.13 7 = -18.227 -1.174 
10 1.04 0.128 9 -18.196 -1.143 
20 1.04 0.116 21 =-19.052 -1.998 
30 1.04 0.104 31 = =-20.000 -2.946 
40 1.04 0.092 34 =-21.065 -4,011 
50 1.04 0.084 43 -21.855 -4,801 
60 1.04 0.076 47 -22.724 -5.671 
70 1.06 0.068 52 = -23.856 -6.802 
80 1.06 0.064 57 -24.383 -7.329 
90 1.06 0.06 58 = -24,943 -7.889 
100 1.06 0.054 60 = -25.858 -8.805 
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PCB Assembly build 
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Test Setup 
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Debugging/Corrections 


R17/R18 value corrected 
Voltage divider was inverted 


Q2 change from BJT to MOSFET 

- During test and slow startup U3b output can reach Vdd 

- With NPN transistor, BC junction can be forward biased forcong LED cathode to high level 
blocking LED from conduction, unit became latched at low current level 

- Changing Q2 to MOSFET eliminates this problem 


R20 Reduced from 10K to 3K6 
- MOSFET requires Vth higher than BJT one diode drop 
- This reduces source voltage level and provide enough headroom for MOSFET bias 


R47 changed to 47K 
For 300mA current 


Final schematic 


us 
380° LM2931-Adj-e0¢ 
D186 19% all 
BATS4 X7R 
ui U2 
Bax SPaM21HZ¢ 8PaM21HZG sour Kao kewaliena Se 
201 oN “ 
X7R «| * 2% 22K 
Bu S 7 R22 
onpl 25y D15 
20% 
N X7R N 
ts 
<3 ¥ © 
= D = ND N dd 
N 
4 
J ¥ © 
Ss a 
S = 
J1 
Oe 1 2 
a 
ZO3a zoe 
BZXb4C9V1 BZxXe4cdvi 
qz 
a 


U3b 
OPAZIL4AD 


7 


cI 
N/P 


Test Waveform, input side, 7VAC input (2 set taken 29-may-2021 using AC source, replace old measurement using variac) 
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Test Waveform, Synchronous Rectifier Gate drive signals 
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Test Waveform, Photocell/LED drive 
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Test Waveform, 


U3b outer loop € error amplifier and Vdd power rail 
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Test Waveform, U3a inner loop current tracking amplifier 
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Test Data, complete unit 


Solid State Ballast Test Data 


Configuration 3TF7 
Current 0.3A 
Vmin 7V 
Pmax 5 W 
Freq 50 Hz 
Reading Voltage lwatsu 
Reading Current lwatsu 
By: Virgil Cheng 


Current 

ARMS 
0.314 
0.319 
0.318 
0.318 
0.317 
0.317 
0.317 
0.317 
0.317 
0.317 
0.317 
0.316 


Power 


3.330 


VOAC7602 100V AC 
VOAC7602 1A 
Date 10-May-21 


Deviation 
Ytage 


-1.03% 
0.67% 
0.40% 
0.22% 
0.11% 
0.03% 

-0.05% 

-0.13% 

-0.15% 
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-0.13% 
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0.318 
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Ballast Tube Emulator Characteristic 
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Min Spec voltage 7V 


8.500 
UUT Voltage (VACRMS) 


10.500 


—@— 31F7 


12.500 


14.500 16.500 


Max power 5W 


Summary 

- Solid state ballast tube emulator with resistive characteristic verified 

- Synchronous Rectifier was just for fun, not really needed 

- Meets minimum voltage, regulation and power dissipation requirements 
- Close to original glass envelop size 

- Terminations and mechanical — user’s choice 

- Complexity — is it worth it ? your judgement 


Resources: 

- Schematic, PCB CAM files and project photos available on www.archive.org, “Ballast tube emulator” files 

- US Patent US3732507 (A) — 1973-05-08, AC POWER SUPPLY HAVING COMPUTER CONTROLLED FREQUENCY AND PHASE 
AND AMPLITUDE , CHRISTIANSEN R; BALASUBRAMANIAM D, Fig.5 use of amplitude regulator using CdS photocell 


